During the life cycle of the transmissible gastroenteritis coronavirus (TGEV), two types of virus-related particles are detected in infected swine testis cells: large annular viruses and small dense viruses. We have studied the relationships between these two types of particles. Immunoelectron microscopy showed that they are closely related, since both large and small particles reacted equally with polyclonal and monoclonal antibodies specific for TGEV proteins. Monensin, a drug that selectively affects the Golgi complex, caused an accumulation of large annular viral particles in perinuclear elements of the endoplasmic reticulum-Golgi intermediate compartment. A partial reversion of the monensin blockade was obtained in both the absence and presence of cycloheximide, a drug that prevented the formation of new viral particles. After removal of monensin, the Golgi complex recovered its perinuclear location, and a decrease in the number of perinuclear large viral particles was observed. The release of small dense viral particles into secretory vesicles and the extracellular medium was also observed, as was a partial recovery of infectivity in culture supernatants. Small viral particles started to be seen between the third and the fourth Golgi cisternae of normally infected cells. All of these data strongly indicate that the large annular particles are the immature precursors of the small dense viruses, which are the infectious TGEV virions. The immature viral particles need to reach a particular location at the trans side of the Golgi stack to complete their morphological maturation.
Coronaviruses are members of a family of RNA viruses that cause different pathologies in humans and animals. An important aspect of their study is the finding of efficient antiviral strategies that could prevent the considerable economic losses caused by these infectious agents all over the world (29) . The factors involved in coronavirus-receptor binding, virus entry, and uncoating are poorly characterized, as is how coronaviruses replicate their own large genome and transcribe subgenomic mRNAs in the cytoplasm of infected cells. Different proteins associated with viral RNA seem to participate in the replication of coronaviruses (25, 45) . Recently, a cellular protein purified from the replicative complexes has been identified as the heterogeneous nuclear ribonucleoprotein (heterogeneous nuclear RNP) A1, which in the cell participates in the regulation of alternative RNA splicing (27) .
The transmissible gastroenteritis coronavirus (TGEV) causes a serious illness in newborn piglets, with mortality rates approaching 100% (7) . TGEV virions are constituted by basic elements present in most of the members of the Coronaviridae: three structural envelope proteins (S, which forms the peplomers; M, the integral membrane protein, a key factor in assembly; and E, a minor component of unknown function) and a fourth structural polypeptide, the nucleocapsid (N) protein (26) . The N protein interacts with the viral genome, a long (around 30-kb) positive, single-stranded RNA molecule, forming a helical RNP (22, 31) . A role for N protein in viral replication has been also proposed (5) . The M and E proteins are key factors for assembly, as suggested by studies with virus-like particles and mutant viruses obtained by targeted recombination (3, 6, 9, 56) . Infectious TGEV virions enter susceptible cells after receptor-mediated endocytosis and acid-dependent fusion with an intracellular compartment (16) . After completing replication and RNA transcription, coronaviruses exhibit a complex morphogenesis in which the constitutive secretory pathway of the infected cell plays a key role. The endoplasmic reticulum-Golgi intermediate compartment (ERGIC), which contains perinuclear and peripheral tubulo-vesicular elements (41, 43) , constitutes the budding compartment for coronaviruses at early times postinfection (p.i.). Assembly of coronavirus particles starts with the association of the RNPs with membranes of the perinuclear ERGIC, where the envelope proteins are already inserted (23) . A budding process originates viral particles that are transported through the Golgi complex and collected inside secretory vesicles, which release virions out of the cell (52, 53) .
The study of viral assembly and maturation is intimately associated with the study of the cellular systems involved in the process. In recent years, the considerable advances in ultrastructural analysis provided by methods based on cryomicroscopy are giving us a new view of how viruses are built in infected cells (4, 10, 38, 39, 47, 49, 57) . A large amount of new data is being obtained for different viral groups. This is the case for coronaviruses, the subject of recent detailed structural studies developed in our group and focused on TGEV (34, 36, 37) . These studies have provided new concepts concerning the structure and assembly of coronaviruses (26) : (i) extracellular infectious coronavirus particles contain an internal core shell, probably icosahedral, that encloses the RNP (36) ; (ii) a detectable number of molecules of the membrane (M) protein of TGEV expose both the amino-and carboxy-terminal domains on the external surface of the virions, which differs from the conventional N-exo, C-endo topology described for mouse hepatitis virus (MHV) M protein (34); (iii) two different types of virus-related particles form inside coronavirus-infected cells, with the larger viral particles being the first to be seen at the perinuclear area, while the smaller virions accumulate inside secretory vesicles and on the cell surface (37); and (iv) trans-FIG. 1. Characterization of large and small TGEV viral particles by immunoelectron microscopy. All images show TGEV-infected ST cells at 8 h p.i. In all panels representative large annular viral particles are marked with arrowheads, while small dense viral particles are marked with arrows. (A) Both types of particles are clearly distinguished in sections of the epoxy resin EML-812. The main field shows several extracellular small viruses, while the inset shows a small dense particle on the left and a large annular particle on the right, for a direct comparison of size and morphology. Double arrows in the main field point to a small virus with a well defined corona of extended peplomers. (B) In low-contrast Lowicryl sections membranes exhibit a poor definition, but both types of viral particles are clearly distinguished due to the different structures of their cores. (C) A polyclonal anti-TGEV antiserum clearly reacts with both types of viral particles. (D) MAbs specific for S protein also react with large and small viral particles. (E) Anti-E MAbs show a weak specific signal in approximately 20% of extracellular (main field) and intracellular (inset) large and small viral particles. (F to H) MAbs specific for the carboxy-terminal domain of M protein react equally with both small and large viral particles (F and G), as do anti-N MAbs (H). (I and J) An antiserum specific for TGEV HP weakly labels approximately 10% of both large (I) and small (J) viral particles. Panel A shows a sample conventionally embedded in EML-812, panel C shows a sample processed by freeze-substitution in osmium-acetone, and panel G shows a sample freeze-substituted in methanol; the rest of panels show samples conventionally embedded in Lowicryl K4M at low temperature. Colloidal gold conjugates 10 nm in diameter were used for panels C, F, I, and J, while the rest of the panels show 5-nm-diameter gold particles. Panels A and D and the main field in panel E show viral particles at the cell surface, while the rest of the micrographs show viral particles inside secretory vesicles (sv). Bars, 100 nm. port along the constitutive exocytic route, and in particular through a functional Golgi complex, seems to be necessary for morphological transformation (37) . The complex structural reorganization of coronavirus particles during their transport along the exocytic route and the key participation of the Golgi complex are interesting subjects for analysis, due to the novelty of the processes involved. If small virions actually originate from the perinuclear large viral particles, the structural transformation taking place involves a major reorganization of all viral components, with the formation of the icosahedral core shell, and a dramatic change in volume (reduced to approximately 50%). To analyze these aspects in more detail, we have used monensin, a drug that reversibly disorganizes the Golgi complex and blocks transport along the exocytic route (50) . We have also studied the effects of cycloheximide (an inhibitor of protein synthesis) on TGEV assembly and structural maturation. The effects of different treatments on the integrity of the exocytic route and the simultaneous changes to viral morphogenesis were analyzed. The results of this structural analysis, together with the immunodetection of five TGEV proteins, strongly support the precursor role for the large viral particles. We have also confirmed that these particles need to reach a particular location within the Golgi complex to complete their morphological maturation.
MATERIALS AND METHODS
Cells, viruses, antibodies, and drugs. Culture of swine testis (ST) cells and virus infections were performed as previously described (19) . Monolayers of ST cells were infected with TGEV (PUR 46-MAD strain) at a multiplicity of infection of 10 PFU/cell and collected at different times p.i. to be processed for immunofluorescence or electron microscopy. Virus infectivity in culture supernatants was calculated by the plaque lysis titration assay (19) . The previously characterized murine monoclonal antibodies (MAbs) specific for TGEV N, M, and S proteins (13, 34, 40) and the hyperimmune rabbit serum against the PUR 46-MAD strain of TGEV were generously provided by L. Enjuanes (Centro Nacional de Biotecnología, Madrid, Spain). MAbs specific for TGEV E protein (14) were a kind gift of H. Laude (Centre de Recherches, Institut National de la Recherche Agronomique, Jouy-en Josas, France). The polyclonal antiserum specific for the TGEV hydrophobic protein (HP), the product of TGEV gene 7 (54), was kindly provided by D. Brian (University of Tennessee, Knoxville). The rabbit antiserum to human giantin, a Golgi-specific marker (44) , and the mouse MAb G1/93, specific for human ERGIC-53 protein (42), were kindly provided by M. Renz (Institute of Immunology and Molecular Genetics, Karlsruhe, Germany) and H. P. Hauri (Biozentrum, University of Basel, Basel, Switzerland), respectively. Goat anti-rabbit and goat anti-mouse antibodies conjugated with fluorescein or rhodamine were purchased from Southern Biotechnology Associates, Inc. (Birmingham, Ala.). Colloidal gold conjugates of goat anti-mouse and goat anti-rabbit immunoglobulin G were provided by Biocell Research Laboratory (Cardiff, United Kingdom). Monensin and cycloheximide were purchased from Sigma (St. Louis, Mo.).
Treatment of ST cells with monensin and cycloheximide. Confluent monolayers of uninfected ST cells were incubated with the carboxylic ionophore monensin at different concentrations (1, 2, and 5 M) and for different times (2, 4, and 6 h). Once the treatment conditions that cause the described characteristic morphological effects on the Golgi complex (swelling, fragmentation, and spreading) were determined (by immunofluorescence and electron microscopy), they were used for infected ST cells. Monensin was added to cell cultures at a final concentration of 5 M and at different times (1, 2, 3, and 4 h) p.i. Treatment with the drug was prolonged for 7, 6, 5, or 4 h (to complete 8 h p.i.). Some of the uninfected and infected cell cultures were further incubated for 0.5, 1, 1.5, or 2 h after monensin removal to study whether it was possible to revert the effects caused by the drug. To study the effects of cycloheximide on TGEV morphogenesis, the drug was added to infected ST cultures (8 h p.i.) at a final concentration of 100 g/ml. Cells were incubated with the drug for 0.5, 1, 1.5, and 2 h. Cycloheximide was also used during reversion of the monensin blockade. Some of the infected cells were incubated for 0.5, 1, 1.5, or 2 h with cycloheximide after monensin removal. Control cells as well as cultures of cells subjected to the different treatments were processed for immunofluoresecence detection of cellular markers or TGEV proteins or for structural studies at the electron microscopy level.
Fluorescence microscopy. ST cells were grown on 12-mm-diameter glass coverslips. For immunodetection of ERGIC-53 protein or the Golgi protein giantin, cells were briefly washed with phosphate-buffered saline (PBS) (pH 7.4) containing 0.1% bovine serum albumin (PBS-A) and then fixed with 3% paraformaldehyde in PBS for 30 min. After three washes with PBS-A, the cells were 
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S protein) or with a rabbit anti-TGEV polyclonal antiserum, diluted 1:200 in PBS-A. After treatment with the primary antibodies, samples were washed three times with PBS-A and incubated for 1 h with the secondary antibodies (conjugated with rhodamine or fluorescein) diluted in PBS-A. The coverslips were then washed three times with PBS-A and twice with PBS and finally mounted on glass slides with a mixture of glycerol and PBS (9:1). Samples were studied with a Zeiss Axiophot fluorescence microscope. Images were collected with a MicroMax digital camera system. Electron microscopy. (i) Processing of infected ST cells for embedding in EML-812 for ultrastructural studies. Monolayers of ST cells were fixed in situ with a mixture of 2% glutaraldehyde and 2% tannic acid in 0.4 M HEPES buffer (pH 7.4) for 1 h at room temperature. Fixed monolayers were removed from the dishes in the fixative and transferred to Eppendorf tubes. After centrifugation in a microcentrifuge and several washes with HEPES buffer, the pellets were processed for embedding in the epoxy resin EML-812 (Taab Laboratories, Berkshire, United Kingdom) by methods previously described in detail (37) . Postfixation of cells was done with a mixture of 1% osmium tetroxide and 0.8% potassium ferricyanide in distilled water for 1 h at 4°C. After four washes with HEPES buffer, samples were treated with 2% uranyl acetate, washed again, and dehydrated in increasing concentrations of acetone (50, 70, 90 , and 100%) for 10 min each at 4°C. Infiltration in the resin EML-812 was done at room temperature for 1 day. Polymerization of infiltrated samples was done at 60°C for 3 days. Ultrathin (20-to 30-nm-thick) sections of the samples were stained with saturated uranyl acetate and lead citrate by standard procedures.
(ii) Processing of ST cells for embedding in Lowicryl K4M for immunoelectron microscopy. Cultures of ST cells were subjected to a mild fixation with a solution of 4% paraformaldehyde containing 0.1% glutaraldehyde in PBS at 4°C for 30 min. Fixed cells were removed from the culture dishes, washed with PBS, and dehydrated at Ϫ20°C in increasing concentrations of ethanol. Infiltration with the resin Lowicryl K4M (EML Laboratories, Berkshire, United Kingdom) at Ϫ30°C and polymerization with UV light were done as previously described (34) . Ultrathin sections were processed for immunogold detection.
(iii) Quick freezing and freeze-substitution of ST cells. Small pellets of chemically fixed cells were cryoprotected with glycerol, applied to small pieces of filter paper, blotted for 15 s, and quick frozen in liquid propane at an approximate speed of 10 4°C /s. Vitrified specimens were transferred to a Reichert-Jung AFS freeze-substitution unit (Leica, Vienna, Austria) and maintained for 24 h at Ϫ90°C in pure methanol or in a mixture of pure acetone and 0.5% (wt/vol) osmium tetroxide for complete substitution of the water of the sample (37, 38) . After freeze-substitution in methanol, samples were infiltrated in Lowicryl HM23 (EML Laboratories) at Ϫ80°C and polymerized with UV light. Samples processed by freeze-substitution in acetone-osmium were subjected to a controlled increase of temperature before embedding in EML-812. Ultrathin sections of the samples were either stained or processed for immunogold labeling.
(iv) Immunoelectron microscopy. Immunogold detection of TGEV proteins on ultrathin sections of infected ST cells was done at room temperature with hyperimmune anti-TGEV or anti-HP rabbit serum or MAbs specific for M, N, S, and E proteins by established procedures (34, 35) . Sections collected on coated gold electron microscopy grids were incubated for 30 min with Tris buffer-gelatin and then floated on drops of diluted primary antibodies for 2 h. After jet washing with PBS, samples were incubated for 1 h with secondary antibodies conjugated with 5-or 10-nm-diameter gold particles and washed again with PBS and distilled water. Samples were then allowed to dry on filter paper before being stained with saturated uranyl acetate for 25 min. An identical procedure was used to label the Golgi complex or the ERGIC, using the antigiantin and anti-ERGIC-53 antibodies described above. All samples were studied with a JEOL 1200 EX II electron microscope.
RESULTS
Immunocytochemical characterization of the two types of TGEV viral particles. A detailed characterization of the large and small viral particles at the cytochemical level was performed by using ultrathin sections from infected cells processed by different methods (Fig. 1) . Larger virus-like particles (marked with arrowheads in Fig. 1 ) are characterized by an annular stained region under the external envelope, while smaller virions (marked with arrows in Fig. 1 ) have a more dense core, which is heavily stained. Both types of virus-related particles are clearly distinguished in ultrathin sections of EML-812 and Lowicryl resins (Fig. 1A and B) . The use of different processing procedures for the samples was an attempt to obtain signals with both polyclonal antisera and MAbs specific for the different TGEV proteins. Both large and small viruses from different cellular locations reacted similarly with an anti-TGEV polyclonal serum (Fig. 1C) and with several MAbs specific for TGEV S, E, M, and N structural proteins (Fig. 1D to H). MAbs specific for the minor structural component E protein provided a weak signal in approximately 20% of both intra-and extracellular large and small particles (Fig. 1E) . A slightly lower percentage of viral particles (around 10%) were weakly labeled with a polyclonal antiserum specific for TGEV HP (Fig. 1I and J) . This protein, of unknown function, is the product of gene 7, an open reading frame in the very 3Ј end of the TGEV genome (26, 54) . It has been suggested that HP could incorporate into virions and participate in the membrane association of replication complexes or in virion assembly (12, 54) . From the immunocytochemical point of view, it is equally represented in both large and small viral particles.
Accumulation of large viral particles in pre-Golgi compartments. In our previous studies, the distribution of TGEV large and small viral particles in different cellular compartments, as well as the effects of brefeldin A, suggested that transport along the exocytic pathway correlated with TGEV morphological transformation. In the present work we have studied in detail the progression of TGEV infection in ST cells and the effects of monensin, a drug more specific for the Golgi complex, since the effect of brefeldin A derives from the fusion between Golgi and pre-Golgi compartments. As shown in Fig.  2A and B, the immunofluorescence signal associated with TGEV starts to accumulate at the perinuclear area of cell islets at early times p.i. (5 h), extending all over the cells as a punctate signal at 8 h p.i. Almost 100% of the cells in the confluent monolayer were labeled at 8 h p.i. The two compartments of the exocytic route that play key roles in coronavirus morphogenesis (the ERGIC and the Golgi complex) were also localized by immunofluorescence with specific markers (Fig. 2C and  D) . TGEV infection did not cause any appreciable change in the organization of these compartments, as detected by immunofluorescence at 8 h p.i. (not shown). We then studied the effect of monensin on the integrity of the Golgi complex of ST cells. Monensin induced a fragmentation and dispersion of the Golgi stacks (Fig. 3A) and a retention of the signal associated with the virus in the perinuclear area, where the budding takes place (Fig. 3B) . However, no significant changes in the ERGIC were detected in the presence of the drug (Fig. 3C ). At the electron microscopy level, the punctate immunofluorescence pattern of infected cells at 8 h p.i. corresponds to the accumulation of secretory vesicles (Fig. 3D ) filled with viruses, most of them small and dense. Normally infected cells have also large annular viruses at the perinuclear region (Fig. 3D) . Many extracellular virions, most of them small and dense, are also seen (Fig. 3D) . The effects of monensin on TGEV assembly were also monitored at the ultrastructural level after addition of the drug at different times p.i. At earlier times p.i., viral assembly was almost completely inhibited. When monensin was added at 3 h p.i. (after enough viral components have already accumulated) large viral particles accumulated inside perinuclear vesicles of smooth membranes and did not spread following the Golgi redistribution (Fig. 3E) . Numerous smooth membrane vesicles filled with large annular viral particles accumulated at these perinuclear locations. In freeze-substituted samples ( Fig.  3F and G) these large particles are indistinguishable from the large viral particles that are the first to assemble at the perinuclear area in normally infected cells (37) . Numerous RNPs and characteristic budding profiles are also seen in these perinuclear vesicles (Fig. 3F and G) . Freeze-substitution also allowed good immunolabeling signals with anti-ERGIC-53 and antigiantin antibodies (Fig. 3H and I ). The vesicles with viruses reacted with the anti-ERGIC-53 antibody (Fig. 3H) . Antigiantin labeled only empty vesicles (Fig. 3I ), while vesicles with viruses did not react with the antigiantin serum (Fig. 3J) .
TGEV is also able to assemble in the rough endoplasmic (52) . Large annular viral particles are seen inside this pre-ERGIC compartment (Fig. 3K) .
Effects of cycloheximide and reversion of the monensin blockade.
Cycloheximide is an inhibitor of protein synthesis that is frequently used to inhibit viral assembly (23) . Its effects on TGEV morphogenesis are shown in Fig. 4 . The addition of the drug to a monolayer of infected ST cells at 8 h p.i. caused a progressive decrease in the intracellular signal associated with the virus, as observed by immunofluorescence after 30 or 60 min (Fig. 4A to C ). At the electron microscopy level, the viral particles disappeared from the perinuclear region (Fig.  4D) , and small dense virions were seen inside secretory vesicles (not shown) and almost exclusively on the cell surface 60 min after addition of the drug (Fig. 4D) . Subsequently, when no new large viral particles were formed due to the inhibition of the protein synthesis, small viruses finally accumulated in infected cells.
Reversion of the monensin blockade was also studied in both the absence and the presence of cycloheximide. The Golgi complex was able to recover its perinuclear location from the fragmented and dispersed state caused by monensin when the drug was removed from the cultures (Fig. 4E) . This suggested that a reversion of the effects on TGEV morphogenesis caused by the monensin blockade could be also obtained. If the reversion also takes place in the presence of cycloheximide, we could then monitor the fate of the large annular viruses previously accumulated by use of monensin. During reversion of this blockade, we observed a progressive decrease in the number of large viruses inside dilated perinuclear vesicles, as well as the formation of secretory vesicles filled with small dense viruses, which were also seen on the cell surface (Fig. 4F) . At the immunofluorescence level, the punctate signal characteristic of the formation of secretory vesicles with viruses was also recovered in many cells (Fig. 4G) . The data obtained in two independent sets of treatments were also expressed in a quantitative form. The percentages of large and small viruses as well as the percentages of viruses in different cellular compartments with the treatments described are shown in Fig. 5 . Control infected cells at 8 h p.i. exhibited a major population of small dense virions (Fig. 5A) , most of them inside secretory vesicles and the extracellular cell surface, with a minor population of perinuclear large viral particles (Fig. 5B) . Treatment with cycloheximide increased the percentage of small dense viruses on the extracellular cell surface, and a considerable decrease of large perinuclear viral particles was observed (Fig. 5) . Disorganization of a functional Golgi by monensin treatment caused the opposite situation: large viral particles accumulated at the perinuclear region (Fig. 5A) , while the amount of small viruses inside secretory vesicles significantly decreased, together with the disappearance of the viruses on the cell surface (Fig. 5B) . During reversion of the monensin blockade, a recovery of the population of small dense viruses was observed even in the presence of cycloheximide (Fig. 5A) . Correspondingly, the amount of perinuclear viral particles decreased, while a higher percentage of viruses accumulated inside secretory vesicles and on the cell surface (Fig. 5B) .
The values for viral infectivity in culture supernatants with the different treatments were also determined in duplicate titration assays. While in normally infected cells (8 h p.i.) titration of supernatants rendered a value of 8 ϫ 10 7 PFU/ml, at the same time p.i. the supernatants from infected and monensin-treated cells had an infectivity of 2 ϫ 10 5 PFU/ml. At 2 h after removal of monensin from the cultures, infectivity moderately recovered, and the values were 6 ϫ 10 6 PFU/ml (without cycloheximide) and 4 ϫ 10 6 PFU/ml (with cycloheximide). These results indicate that infectivity in culture supernatants sharply decreases with the monensin treatment compared with normally infected cells and partially recovers during reversion of the monensin blockade, when transport along the exocytic pathway is partially reestablished. It is also clear that recovery of infectivity is closely related to the presence of small dense virions on the cell surface.
TGEV structural transformation within the Golgi cisternae. Evidence obtained in a previous study (37) and, mainly, in the present work has clearly shown that a functional (although not necessarily morphologically intact) Golgi complex is necessary for TGEV structural transformation from large to small viral particles. The two viral morphologies were equally represented in the Golgi complex of infected ST cells (37) . Here, we have studied the distribution of large and small viruses within the different Golgi subcompartments to determine where the large particles start their transformation. Only Golgi complexes with a clear cis-trans morphology were considered. When many viruses had passed through the Golgi complex, a progressive loss of its fine organization in individual cisternae was observed (not shown). Thus, we studied Golgi complexes from cells infected at early times p.i. (5 and 6 h). After analyzing more than 100 Golgi complexes with viruses, we observed that at the cis side of the Golgi complex, only large annular viruses were seen (Fig. 6A) , and very few small dense viral particles were seen inside the third Golgi cisterna (not shown). However, most of the viral particles inside the fourth cisterna and the trans-Golgi network (TGN) were small dense viruses (Fig. 6B  to D) . This suggests that the transformation from large to small viral particles takes place between the third and the fourth Golgi cisternae.
DISCUSSION
The characterization of the structure and morphogenesis of coronaviruses is one of the challenging fields in the study of this viral family (26) . Previous studies have shown that coronaviruses assemble as large particles of annular morphology at the perinuclear region of the cell, changing their morphology into small dense virions during the transport along the exocytic route (37, 53) . More direct evidence of the precursor-product relationship between large and small viral particles was needed, as was confirmation of the key role of the Golgi apparatus in the complex structural transformation of coronaviruses, a process that has not been described before for any other viral family. Figure 7 shows a summary of the experimental data obtained so far in the characterization of TGEV morphogenesis. (i) The two types of viral particles seen in TGEV-infected cells are closely related, because they react equally with MAbs specific for the four TGEV structural proteins. It has also been reported that both large and small viral particles studied in situ were positive for RNA detection (33, 37) . (ii) TGEV budding takes place in pre-Golgi compartments (the RER or ERGIC, depending on the time p.i.) and creates large viral particles. (iii) These particles change their morphology between the third and fourth Golgi cisternae, creating small dense viruses whose internal cores exhibit polygonal contours (37) . These viral particles are collected into secretory vesicles and released to the extracellular environment. (iv) A small percentage of viruses escape from this structural transformation and exit the cell.
Monensin blockade of TGEV morphogenesis, which, as indicated in Fig. 7 , takes place at the pre-Golgi level, has been very useful to obtain evidence for the two main aspects under study: the Golgi complex is necessary for TGEV structural transformation, and large viral assemblies transform into small viruses, as observed after reversion of the monensin blockade. The effects of monensin in different cell types have been extensively characterized. This drug is unique in terms of its specific action on the Golgi complex, while protein synthesis and early steps in intracellular transport proceed at normal rates (50, 51, 55) . Monensin has been also used before in virus-infected cells to study several viruses that depend on processes related to the exocytic pathway for completing their morphogenesis. Budding of the Uukuniemi virus, which usually assembles in pre-Golgi and Golgi membranes (18) , was effectively inhibited by monensin, although viral nucleocapsids were detected attached to intracellular membranes (24) . The viral nucleocapsids of Sindbis virus, which usually assemble at the plasma membrane, change their budding location in the presence of monensin. They assemble at intracellular membranes, although their exit from the infected cell is blocked (20) . In the case of herpes simplex virus, monensin does not affect the assembly and envelopment of nucleocapsids, but it drastically inhibits the transport of progeny viruses to the surfaces of the infected cells (21) . TGEV, as well as other coronaviruses, assembles at pre-Golgi ERGIC membranes early in infection and in the RER at late times p.i. (Fig. 7) . For cells infected with the mouse hepatitis coronavirus (MHVA59) at late times p.i., Niemann et al. (32) showed that monensin did not interfere with the budding of the virus from the membranes of the RER, but it inhibited virus release and fusion of infected cells. In the present work we have shown that TGEV budding and assembly were not inhibited by the drug at early times p.i. Instead, numerous large viral particles were retained in dilated pre-Golgi ERGIC elements of vacuolar morphology, since transport out of this compartment was blocked. A similar structural alteration of the ERGIC was also observed as a consequence of the blockade in transport caused by incubating the cells at 15°C (41) . The few small viruses detected in our monensin-treated cells were probably produced before addition of the drug at 3 h p.i. Earlier treatments inhibited assembly almost completely, probably due to a lack of sufficient amounts of correctly processed viral components. Damage in the Golgi or mitochondria, which look abnormally dense in monensin-treated cells, could contribute to this deficiency. During reversion of the monensin blockade, although the Golgi complex recovers its perinuclear location as indicated by immunofluorescence, the Golgi stacks did not recover the fine ultrastructure of untreated cells, as seen by electron microscopy. However, transport of viral particles and release of small TGEV particles were at least partially reestablished. These results agree with previous observations for infected, nocodazole-treated ST cells. Fragmented, but functional, Golgi stacks formed with nocodazole were able to support TGEV morphological transformation (37) . The reversion of the monensin blockade in the presence of cycloheximide indicates that the same population of large viral particles arrested in the ER- GIC-associated vesicles later transforms into the small dense viruses. As a consequence, we can conclude that the large annular viral particles are immature precursors of the small dense virions and that the described structural transformation takes place in the Golgi complex.
Another interesting observation for monensin-treated cells is that the drug induces the accumulation of large amounts of membrane-associated RNPs and budding profiles at different stages. In normally infected cells these structures are seen in much smaller amounts, probably due to the higher speed of the normal assembly process. The monensin blockade, then, gives us the opportunity for a more detailed study of the very first steps of coronavirus assembly. Working with the reversion of the monensin blockade and with the help of cryomethods, we might be able to study potential intermediate viral forms between precursor and mature viruses.
Which factors associated with the Golgi could be potentially involved in the structural maturation of coronaviruses? Our data indicate that maturation takes place somewhere at the trans side of this compartment. The distributions of both viral morphologies within the different regions of the Golgi complex point to a change in morphology for TGEV between the third and the fourth cisternae (Fig. 7) . In the TGN most of the viruses have a mature morphology, and, as seen inside secretory vesicles, a small percentage of large viral particles have escaped from the maturation process. In a previous study (53) small dense viral particles of MHV were seen exclusively in the TGN of infected AtT20 cells. Thus, something present in the trans-most side of the Golgi complex acts on immature coronavirus particles to trigger their structural transformation. Currently, the study of the functional compartmentalization of the Golgi complex is a very dynamic area of research among cell biologists. The trans-most Golgi cisterna and the TGN have exclusive characteristics, such as a low pH and specific enzymes (glyco-and sulfotransferases, phosphatases, and endopeptidases) (1, 15, 48) . In particular, furin-type proteases (which are active at low pH) have been found to be involved in the proteolytic processing of alphavirus proteins during their transport through these Golgi subcompartments (30) . Viral enzymes also could be involved in maturation. In this regard, the only enzymatic activity associated with coronavirus particles reported to date is a virion-associated protein kinase activity described for the murine coronavirus JHM (46) . The origin and role of this kinase activity in the coronavirus life cycle have not been determined. Its potential participation in the phosphorylation of the nucleocapsid protein and virus assembly should be investigated, since phosphorylation and dephosphorylation are important events in the maturation of other viruses (28) .
The extremely different organizations of large and small viruses made us think of potential differences in the reactivities of the two types of particles with antibodies specific for different TGEV components. Although these aspects will be analyzed more extensively with purified viruses (to obtain information about changes in the topology of the envelope proteins), the immunocytochemical data that we present here show that there are no significant differences between sectioned large immature and small mature viral particles regarding the reactivity with MAbs specific for the four TGEV structural proteins. E protein, for example, does not seem to be present in larger amounts within the immature viruses. Thus, this protein probably develops its role before the formation of these precursor viruses, where it could already be present in a low number of copies. E protein is a very minor component of the extracellular mature virion, and it is known that it plays a key role in assembly (3, 9, 58) . In both MHV and TGEV, virus-like envelopes have been obtained (2, 3, 56) . In these studies, it has been demonstrated that the E and M proteins are able to assemble those particles, in which E protein is present in a much higher number of copies (similar to M) than in native viruses (56). Higher-resolution structural studies are necessary to determine if molecules of E protein occupy strategic positions within the budding profiles, the immature viral particles, and the mature viruses. E protein could somehow prepare the membrane or other viral proteins, as proposed for small, acylated glycoproteins from other viruses, such as alphaviruses and orthomyxoviruses (11, 17, 59) . The potential role of the incorporation in the viral particles of some other minor components, such as TGEV HP, should be also investigated. FIG. 7 . TGEV morphogenesis in ST cells. This diagram is a summary of the experimental results on TGEV morphogenesis obtained in the present work and in a previous study by Risco et al. (37) . The immature and mature morphologies of TGEV viral particles are shown at the bottom. The monensin blockade at a pre-Golgi level is also indicated. Reactivity with MAbs refers to immunolabeling experiments with thin sections of infected cells. Mature virions contain dense cores with polygonal contours, which have been observed in ultrathin sections of freeze-substituted samples (37) . They suggest an icosahedral symmetry for these cores, which needs to be confirmed by high-resolution structural studies.
Considerable progress on the knowledge of coronavirus biology has been made in the last decade. However, numerous aspects related to the assembly of coronaviruses remain to be defined. Some of these aspects are (i) the potential participation of proteins encoded by some poorly characterized open reading frames (8, 12, 26, 54) , (ii) the role of the posttranslational modifications of viral structural proteins in morphogenesis, (iii) the molecular and structural characterization of the RNA encapsidation process, and (iv) the participation of cellular factors in coronavirus assembly and maturation. Within this context, the characterization of the immature viral assemblies, presently under way, will be fundamental in understanding the nature of coronavirus maturation.
